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ABSTRACT
Early type galaxies have projected central density brightness profile logarithmic slopes, γ′, ranging
from about 0 to 1. We show that γ′ is strongly correlated, r = 0.83, with the coarse grain phase density
of the galaxy core, Q0 ≡ ρ/σ3. The γ′-luminosity correlation is much weaker, r = −0.51. Q0 also
serves to separate the distribution of power-law profiles, γ′ > 0.5 from nearly flat profiles, γ′ < 0.3,
although there are many galaxies of intermediate slope, at intermediateQ0, in a volume limited sample.
The transition phase density separating the two profile types is approximately 0.003 M pc−3km−3s3,
which is also where the relation between Q0 and core mass shows a change in slope, the rotation rate
of the central part of the galaxy increases, and the ratio of the black hole to core mass increases.
These relations are considered relative to the globular cluster inspiral core buildup and binary black
hole core scouring mechanisms for core creation and evolution. Globular cluster inspiral models
have quantitative predictions that the data support, but no single model yet completely explains the
correlations.
1. INTRODUCTION
Early type galaxies, ellipticals and S0s, form an im-
pressively regular sequence with luminosity, as seen in
the Faber-Jackson relation (Faber & Jackson 1976) and
generalized in the fundamental plane relations (Djorgov-
ski & Davis 1987; Binney & Merrifield 1998). The core
radius and brightness are basic observational properties
which hold clues to the origin of the early type galaxies.
Galaxy merging, star-formation, the presence of black
holes and, in sufficiently dense cores, dynamical friction
and two-body relaxation, all play some role in creating
the cores. One widely considered possibility for the for-
mation and evolution of early type galaxy cores is that
they are largely a result of stellar dynamical processes in
the core with gas and star formation playing minor roles.
The coarse grain phase space density can be defined as
Q0 ≡ ρ0σ−30 . Q0 is a key dynamical quantity to assess
the relative roles of various stellar dynamical processes.
The local phase density controls the rate of two-body re-
laxation and dynamical friction, along with the masses
of the orbiting bodies (Binney & Tremaine 2008). Liou-
ville’s theorem (Goldstein et al. 2002) requires that the
fine grain phase density, F , is a constant of the motion in
a conservative Hamiltonian system, with the coarse grain
phase density required to be Q ≤ F (with appropriate
velocity space normalization).
The observational description of the central surface
brightness distribution of early type galaxies began with
ground-based telescope data and used the physically
well motivated King model (King 1962, 1966, 1978).
CCDs observations showed that some early type galax-
ies, particularly those with lower luminosities, had cen-
tral brightness distributions that rose above the con-
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stant brightness King model core (Kormendy 1985; Lauer
1985) although earlier photographic data had noted this
as indicating the presence of a stellar nucleus (Binggeli
et al. 1984). The angular resolution of the Hubble Space
Telescope showed that what became known as power-law
cores were increasingly common with decreasing galaxy
luminosity. (Crane et al. 1993; Ferrarese et al. 1994; Ko-
rmendy et al. 1994).
The central density profiles of early type galaxies are
classified as being a power-law, if the negative logarith-
mic slope is greater than 0.5, or, cored, if the slope is
shallower than 0.3 (Gebhardt et al. 1996; Ravindranath
et al. 2001; Rest et al. 2001; Lauer et al. 2007b). How-
ever, the core parameters and the degree of bimodality
of the central slope distribution depend on the surface
brightness fitting model and the sample definition.
The purpose of this paper is to calculate the phase
density of spheroidal systems, focusing on early type
galaxies, to consider its correlations with core properties.
In particular we examine to what degree phase density
relates to the suggestions that early type cores have a
bimodal distribution in their brightness profile slopes.
These relations are considered as tests of stellar dynam-
ical models for the formation and evolution of early type
galaxy cores.
2. THE OBSERVATIONAL DATA
There are two leading functional forms to fit a general
core brightness profile. The Nuker formula (Lauer et al.
1995; Carollo et al. 1997; Lauer et al. 2007b) is designed
to describe the central region of a galaxy and does not
need data at large radii, which is often convenient if there
is limited observational coverage. An alternate, whole
galaxy, brightness profile fitting approach is the core-
Se´rsic function (Graham & Guzma´n 2003; Graham et al.
2003; Trujillo et al. 2004; Ferrarese et al. 2006; Turner et
al. 2012; Dullo & Graham 2012). The core-Se´rsic func-
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Fig. 1.— The core velocity dispersions and rc values fitted for
early type galaxies from the Lauer et al. (2007b) (points) and AT-
LAS3D (crosses) samples. with cores (red), intermediate slopes
(magenta) and power-law cores (blue), late type galaxy nuclear
star clusters (green points and crosses) and globular clusters (black
points).
tion provides good fits to the entire brightness profile
of a galaxy at the relatively small cost of a single extra
parameter. There are significant differences of detail be-
tween the two approaches and no clear consensus on best
approach has emerged.
The slope of the brightness profile at the smallest prac-
tical radius of observation, 0.1′′, defines the parameter
γ′ of the Nuker approach. The angular definition intro-
duces a direct distance dependence in the measurement.
The Nuker γ′ is general agreement with the core-Se´rsic
measurement of the comparable quantity, although with
some scatter and a systematic offset (Dullo & Graham
2012). The fitted break radius of the Nuker profile has
limitations in describing the core radius (Carollo et al.
1997) which led to the development of a transformed
quantity, rγ , the radius at which the Nuker fit has a slope
of 0.5, as the best measure of the core radius. Dullo &
Graham (2012) show that the core-Se´rsic break radius,
rb,cS , is in good agreement with the Nuker rγ .
Defining a representative sample of early type galax-
ies is important when comparing trends within a pop-
ulation. The Lauer et al. (2007b) sample is the largest
available compilation and is approximately magnitude
limited. A very wide ranging set of kinematic and dy-
namical data are available for the ATLAS3D Cappellari
et al. (2011) sample, which is designed to be a complete
volume limited sample. Both samples report Nuker pro-
file fit parameters and serve as two large, comparable and
complementary samples for our analysis.
2.1. Phase Density Calculation
To calculate the core coarse grain phase space density
requires measurements of the core velocity dispersion and
core radius, from which other quantities can be derived.
The different types of systems have a range of density
profiles and somewhat different approaches to measure-
ment are used, meaning that the phase densities will have
small systematic differences between them although we
expect these to much smaller than the large range of
Q0 values present. To obtain a physical mass density
in the core we use the King radius relation (Binney &
Tremaine 2008) of an non-singular isothermal sphere for
all systems,
ρ0 =
9
4piG
σ20
r2c
. (1)
We recognize that few of the systems are particularly
well described as an isotropic isothermal sphere, however
Equation 1 provides a uniform basis to calculate basis
that will be correct within a factor of a few. To employ
Equation 1 we need to identify a central velocity disper-
sion and a measure of the core radius for the systems that
we consider. Although our primary interest is the early
type galaxies, in which core radii are measured in the
same way, we will make comparisons to phase densities
of nuclear star clusters of late type galaxies and globular
clusters in which the measures of core radius are com-
parable but not identical, which will lead to systematic
differences, but these will not affect our limited use.
Given our assumptions,
Q0 =
166.6
σ0r2c
(2)
for σ0 in units of km s
−1 and rc in units of pc. Q0 is the
approximate phase space density at the core radius and
normally increases inward from that location.
2.2. Early type Galaxies
The Lauer et al. (2007a,b) sample is a large compi-
lation of available HST data, but as an approximately
apparent magnitude limited sample contains more lumi-
nous galaxies than a volume limited sample (Lauer et al.
2007b; Coˆte´ et al. 2007). In total there are 189 galaxies
in the sample that have core profiles and central velocity
dispersions.
The ATLAS3D sample (Krajnovic´ et al. 2013) is con-
structed to be essentially a complete sample of galaxies
more massive than about 6 × 109 M within 42 Mpc.
Krajnovic´ et al. (2013) provides Nuker fits for the sur-
face brightness profiles. We remove galaxies with upper
limits for rγ from the sample, which reduces the numbers
to 74. We equate rγ with rc below. For the ATLAS3D
sample we use the values of velocity dispersion at Re/8
as tabulated in Cappellari et al. (2013).
For all early type galaxies we calculate the core mass
from the projected quantities, using the relationship
Σ0 = 2ρ0rc,
Mc = 4piρ0rc
∫ rc
0
r(r/rc)
−γ′ dr. (3)
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This integrates to Mc = 4piρ0r
3
c/(2− γ′).
Density profiles are classified as being cored if γ′ < 0.3
(red in plots) and power-law if γ′ > 0.5 (blue in plots),
with an intermediate type between (magenta in plots)
(Lauer et al. 2007b).
2.3. Globular clusters
Globular clusters may play a significant role in the for-
mation of galactic cores (Tremaine et al. 1975). Accord-
ingly it is interesting to understand where their phase
densities fits into the overall sequence (Walcher et al.
2005). In this work we will assume that the Milky Way
globular clusters are representative of the group as a
whole. For these clusters, core radii and central velocity
dispersions come from the 2010 edition of the compila-
tion of Harris (1996). In the following figures globular
cluster data are plotted as solid black dots.
We use Equation 1 to calculate the core density. We
approximate the core to be constant density, so the core
mass is,
Mc =
4pi
3
ρ0r
3
c . (4)
2.4. Disk Galaxy Nuclear Star Clusters
The data for the nuclear star clusters in disk galaxies
comes from the work of Bo¨ker et al. (2004) and Walcher
et al. (2005), who also estimated phase space densities at
the half-mass radius. There are six galaxies in Table 3 of
Walcher et al. (2005) for which values of the profile fitted
re are available in the Bo¨ker et al. (2004) paper. Densi-
ties for these galaxies were calculated using Equation 1
above but with rc ≡ re/0.75 (that is, the rh of Walcher
et al. (2005)). This identification of core radius effec-
tively considers the entire NSC to be a core. Depending
on the concentration of the core, the phase density can
be several times higher. Under this assumption, Q0 for
each galaxy can then be calculated from the tabulated
values of σ. In the figures these six galaxies are plotted
as solid green dots. For the remaining galaxies in the
Bo¨ker et al. (2004) Table 1 with re values, core masses
were calculated from the given luminosities and an as-
sumed M/L of 0.5 which is the median value in Table 3
of the Walcher et al. (2005) paper. Velocity dispersions
were obtained using the following empirically determined
relation by fitting to the data in Table 3 of Walcher et
al. (2005),
σ20 = 0.45
GMc
re
. (5)
The resulting empirically determined values of Q0 are
plotted as green crosses in the figures.
The data are plotted in the rc vs σ0 observational plane
in Figure 1. Power-law cores are plotted as blue dots and
cored galaxies as red dots. We note that in this plot the
various types of objects have substantial overlap when
projected onto any one axis. There is also substantial
mass overlap between the various object types.
3. Q0 DEPENDENCE OF CORE SLOPE
In Figure 2 we plot the core phase densities as a func-
tion of their inner brightness profile slope, γ′, for all early
type galaxies for both the Lauer et al. (2007b) and Kra-
jnovic´ et al. (2013) samples. A strong correlation be-
tween the log of Q0 and γ
′ is readily visible. The Pearson
Fig. 2.— The central phase density, ρ0/σ03, in units of
Mpc−3km−3s3 of early type galaxies as a function of the loga-
rithmic slope of the surface brightness near the center. The points
have the same colors as in Fig. 1. The Lauer et al. (2007b) sam-
ple is shown with colored dots and the ATLAS3D sample is shown
with crosses.
linear correlation coefficients for the Q0−γ′ correlation is
0.78 for the Lauer et al. (2007b) sample and 0.83 for the
Krajnovic´ et al. (2013) sample. That is, the core phase
space density explains an impressive 69% (= r2) of the
variance in γ′. The correlation of γ′ with luminosity is
fairly weak in the ATLAS3D sample, -0.51, i. e. only
about 25% of the variance, where we use the log of the
r band luminosities, Lr, of Cappellari et al. (2013). The
correlation of log Q0 and either log of the stellar mass
or r band luminosity is also comparably weak, r = -0.49
and -0.50, respectively. The weak correlation with the
total mass or luminosity of the galaxy indicates that al-
though early type cores evolve within their host galaxy,
the host galaxy does not completely control the resulting
core properties.
To further explore the correlation of core density profile
and the bimodality proposals, Figures 3 and 4 show for
the two early type samples the distribution of their core
and power-law types, γ′ < 0.3 and γ′ > 0.5 respectively,
as a function of their phase space density. Remarkably
Q0 fairly cleanly separates the cored and power-law el-
lipticals into two almost non-overlapping distributions.
The relative numbers of core and power-law galaxies are
comparable in both samples. Of the 25 cored and 26
power-law galaxies in the Krajnovic´ et al. (2013) sample,
only one from each falls into an overlapping region of Q0
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Fig. 3.— The phase space density distribution of early type galax-
ies classified as cored (red), intermediate (magenta) and power-law
(blue) from the Lauer et al. (2007b) sample.
in Figure 4.
The intermediate core types, those with 0.3 ≤ γ′ ≤ 0.5,
fill in the Q0 region between the cored and power-law
types. The intermediate core slope population is rela-
tively large in the Krajnovic´ et al. (2013) sample, 22 of
the 74, with 11 of the 189 in the Lauer et al. (2007b)
sample, likely reflecting the difference between the sam-
ple selection criteria. Although it is true that cored and
power-law galaxies do form two nearly non-overlapping
distributions in Q0, a more physical interpretation is that
γ′ is a continuous variable that is strongly ordered with
the core Q0. We note that the transition from power-law
to cored galaxies occurs near Q ' 0.003 M pc−3km−3s3.
4. DYNAMICAL QUANTITIES AND Q0
4.1. Core Mass
The core phase densities of early type galaxies, nuclear
star clusters and globular clusters are shown in Figure 5
as a function of the calculated core mass. As a group the
objects appear to form a single sequence in this particular
dynamical space. There is a distinct break in the slope
between cored and power-law galaxies.
We know about what to expect for a Q0−Mc relation.
Equations 2 and 4 give Q0 ∝ σ30M−2c . If we take a Faber-
Jackson relation for the core to be, σ0 ∝ Mβc and use
Equation 1 to eliminate the density, then
Q0 ∝M−2+3βc . (6)
Fig. 4.— Same as Figure 3 but for the volume limited Krajnovic´
et al. (2013) sample.
The power-law cores in Figure 5 have a Q0−Mc slope
from 72 points−1.109±0.064 whereas the 105 cored early
type galaxies have −1.641± 0.025. Kormendy & Bender
(2013) find Faber-Jackson relationships, Lv ∝ σn0 , where
their n = 1/β, or n ' 3.74 for power law galaxies and
8.33 for cores, assuming that the core mass is directly
proportional to the total luminosity, which is approxi-
mately true as shown in Figure 6. Accordingly we would
expect Q0−Mc slopes of -1.20 and -1.64, consistent with
the fitted relations, for power-law and cored early types,
respectively. The correlation between Q0 and Mc has
r = 0.95. However Q0 is better predictor of γ
′, with 81%
confidence that the increased correlation of γ′ − logQ0
over γ′ − logMc is significant.
4.2. Rotation
Lauer (2012) showed that core type correlates well with
the rotation parameter calculated from the sub-sample
of ellipticals with rotation maps (Emsellem et al. 2004).
The kinematic data has been obtained with ground based
telescopes so does not have the angular resolution of the
imaging data. However, it remains of considerable inter-
est to compare the core phase space density with rotation
properties at a larger radius. Figure 7 shows the corre-
lation of the rotation parameter values of Emsellem et
al. (2011) measured within Re/2 and the ATLAS3D Q0
values. There is a range of rotation at every Q0, with
a growing maximum rotation with increasing Q0. The
Q0 − λRe/2 correlation coefficient is 0.55. Factors other
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Fig. 5.— The central phase density, ρ0/σ03, in units of
Mpc−3km−3s3. The points have the same colors as in Fig. 1.
than Q0 dominate the rotation value for an individual
galaxy, which is hardly surprising given that a signifi-
cant range in the initial angular momentum is expected.
However Q0 usefully indicates the mean rotation, with a
value of 0.38±0.03 above the critical value of Q0 = 0.003
whereas it is 0.21± 0.03 below.
We note that the ATLAS3D sample we are using con-
tains a number of kinematically distinct cores (KDC) de-
fined on the basis that the kinematic axis changes by at
least 30◦ (Krajnovic´ et al. 2011) For our sub-sample one
KDC occurs in an intermediate core type, the 8 others
are in cored galaxies, consistent within the small num-
bers with the expected fraction of about half the cored
galaxies.
4.3. Dark Matter Fraction
It is straightforward to undertake a principal com-
ponent analysis (PCA) using the R project software
(http://www.r-project.org/). We remove strongly cor-
related variables, leaving the PCA with γ′, the r band
luminosity, and the parameters reported in Cappellari et
al. (2013), the flattening at Re/2, the rotation param-
eter within Re/2, the kinematic/photometric misalign-
ment angle, ψ, and fDM , the dark matter fraction inside
Re. The PCA finds that the first component provides
49% of the variance, and three components of seven are
required to provide 80% of the variance. The PCA con-
firms that Q0 is the single most strongly correlated vari-
able with γ′. However the next most correlated variable
Fig. 6.— The core mass as a function of luminosity for the Lauer
et al. (2007b) sample. Symbols are as in Figure 1.
is the dark matter fraction, fDM , as evaluated at Re. A
general linear model fit finds γ′ = (0.138±0.015) logQ0−
(0.32± 0.12)fDM + (0.25± 0.10)λRe/2 + 0.745. The fDM
term has a probability of only 0.8% of chance occurrence
and the rotation term λRe/2 has a probability of 1.6% of
chance occurrence. However, logQ0 removes about 69%
of the variance, whereas both fDM and rotation each
account for only about 2.3%, leaving 26% unaccounted.
The negative correlation with γ′ indicates that a lower
dark matter fraction is associated with power-law cores.
This is suggestive that somewhat more dissipated galax-
ies, hence lower dark matter fraction, are more likely to
have steep core profiles at the same Q0, but it is a small
effect.
4.4. Central Super-Massive Black Holes
Super-massive black holes are closely connected to
galaxy cores although the evolutionary dependence is not
entirely clear. There are well known correlations between
the velocity dispersion of ellipticals and their black holes
(Magorrian et al. 1998; Ferrarese & Merritt 2000; Geb-
hardt et al. 2000). Black hole masses are available in
Graham & Scott (2013) and McConnell & Ma (2013).
Although the galaxies with black-hole masses are a sub-
set of those with core density measurements, there is no
clear bias other than the size and distance considerations
needed to allow a black hole mass measurement. Figure 8
shows the ratio of the derived black hole mass to our esti-
mated core masses as a function of their core phase den-
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Fig. 7.— The rotation parameter as a function of the phase space
density for the ATLAS3D sample.
sities. The high Q0, power-law core, galaxies have core
masses comparable to the black hole mass, with a median
MBH/Mc ' 0.5. That is, the cores of most galaxies with
Q0 > 0.003 M pc−3km−3s3 are within the black holes
sphere of gravitational influence (Milosavljevic´ & Mer-
ritt 2001). Cored galaxies have much more massive cores
on the average, with a median value MBH/Mc ' 0.1.
5. IMPLICATIONS OF CORE PHASE DENSITIES
5.1. Dynamical Times in Dense Cores
The phase space density determines the time for two-
body relaxation (Binney & Tremaine 2008). We adopt
the parameter choices of Merritt (2013), his Equation
5.61, to find,
t2 =
1.1× 109
Q
M
m
15
ln Λ
yr. (7)
A relaxation time of 109 yr for a population of m = 1 M
stars occurs for Q = 1.1. The power-law cores containing
black holes shown in Figure 8, have median Q0 ' 0.1, in
which case interaction with two-body relaxation of stars
around the black-hole likely plays a significant role in
building and maintaining a power-law core (Merritt &
Szell 2006).
The time scale for dynamical friction depends linearly
on the phase space density and the mass of the inspi-
raling satellite (Binney & Tremaine 2008). We again
use the parameters of Merritt (2013), his Equation 5.32,
Fig. 8.— The ratio of the central black hole mass to the core
mass as a function of Q.
to give the radial dependence of the dynamical friction
timescale,
tdf (r) =
1.4× 1010
Q(r)
0.35
G(x)
M
m
10
ln Λ
yr (8)
where G(v/σ) is a slowly varying function with a value
of 0.347 for v/σ =
√
2, roughly as expected for an in-
spiralling satellite. For a somewhat heavy 3 × 105 M
globular cluster to spiral in within a 1010 years re-
quires that it orbit in a region with a local Q > 4 ×
10−6 M pc−3km−3s3. Therefore, the most massive early
type galaxies, those with cores more massive than about
1010 M (Figure 5) only allow globulars more massive
than 3× 105 M to spiral into the center.
5.2. Core Phase Density Evolution Pathways
A successful core formation and evolution scenario
needs to offer a way to understand the correlations pre-
sented here between the core phase density and its bright-
ness profile, rotation and black hole mass. High red-
shift progenitor galaxies may largely form with power-law
cores through dissipative star formation processes (Loose
et al. 1982) although current specific models appear to
create too steep a Faber-Jackson relation (McLaughlin
et al. 2006; Antonini 2013). A widely investigated ap-
proximation, which we will follow, is to assume that the
stars in the cores of early type galaxies were largely cre-
ated elsewhere and brought to the core through merging
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and dynamical friction and possibly had their density
profile altered through two-body relaxation. Here we
briefly examine to what degree these stellar dynamical
processes can account for the phase space correlations of
core properties. Two widely discussed and quite distinct
ideas are either that early type galaxies began with large
low density cores which were subsequently built up, or,
they were formed with power law cores, which were sub-
sequently scoured out in the more massive galaxies. Both
mechanisms may be at work.
The slope of the power-law cores in the Q0 −Mc di-
agram, Figure 5, appears to be a continuation of the
trendline from globular clusters through Nuclear Star
Clusters. Precisely the same data are multiplied with
its core mass squared to remove the basic mass depen-
dence of Equation 6. The rescaled results are displayed
in Figure 9 which helps make the idea of two sequences
clearer. Shown on the plot is a line of constant density,
under the self gravitating virial assumption, which gives
σ2 ∝M2/3c ρ1/3 and therefore Q0M2c ∝ ρ1/2Mc.
N-body simulations for the bulk of the galaxy find
β ' 0.3 for equal mass mergers and β ' −0.3 for minor
mergers (Naab et al. 2009; Hilz et al. 2012), although
these values will not necessarily strictly apply to the
cores. Recall that we have translated the Faber-Jackson
relation to Q0M
2
c ∝ M3βc . The shallow trend of the
cored early types in Figure 9 is highly suggestive that
major merging dominates the evolution of these cores,
with some admixture of minor merging to flatten out the
relation, as has been noted from their Faber-Jackson re-
lations (Kormendy & Bender 2013) If the merging were
predominantly minor mergers it would cause Q0M
2
c to
decline with increasing core mass, which is not seen. It
is also suggestive that a steeper trend continues through
power-law cores as has been previously noted (Walcher et
al. 2005; Coˆte´ et al. 2007; Glass et al. 2011). The globular
cluster core densities are set through star formation pro-
cesses and subsequent dynamical evolution. The globular
cluster inspiral process will dissolve the clusters when the
mean interior density of galaxy core and the cluster are
equal, that is, the mass buildup will tend to push the
increasing mass objects along a roughly constant density
line, (Capuzzo-Dolcetta & Miocchi 2008; Hartmann et
al. 2011). A sequence of infall events leads to a modest
increase in central density (Antonini et al. 2012). The
presence of a central black hole complicates the process
but the general trends remain (Antonini 2013).
5.2.1. The Power-law Core Buildup Scenario
Although not necessarily the only mechanism which
creates shallow cores, one interesting possibility is that
most of the stars in early type galaxies may have been
formed in galactic disks, either isolated or in star bursts
associated with merging. Subsequent merging of the stel-
lar components leads to a core phase density that is no
higher than the phase density of the central regions of
the merging disks (Toomre & Toomre 1972; Barnes 1988;
Cox et al. 2006).
Genzel et al. (2011, 2014) presents observational mea-
surements of star forming galaxies near redshift two. The
phase space density of a disk is Qd = Σ/(2hσ
3), using our
normalization and where Σ is the local surface density,
h the scale height, and σ the velocity dispersion which
we will take to be isotropic for simplicity. Taking high
redshift disk parameters of Σ ' 2−3×103 Mpc−2 (with
some fraction as stars), z0 ' 300 pc, and σ ' 80 km s−1
(Genzel et al. 2011), which gives a representative cen-
tral disk Q0 ' 3 × 10−6 M pc−3km−3s3. The Milky
Way has a comparable central phase density. Merg-
ing such stellar disks would create an initial core Q0 '
10−6 M pc−3km−3s3, if about 1/3 of the gas eventually
turns into stars and the rest of the central gas is driven
away. Dissipationless merging of the stellar components
of such disks would create galaxies with core phase den-
sities comparable to the most massive, lowest Q0, early
type galaxies (Carlberg 1986). For disks in the same po-
tential, but with lower surface mass densities that phase
density will be higher. That is, in a plane parallel sheet
piGΣh = σ2, Qd ∝ Σ2σ−5. To keep the Toomre disk
stability parameter (Toomre 1964) near unity, requires
that the velocity dispersion adjust in proportion to the
surface mass density, σ ∝ Σ. Therefore Qd ∝ σ−3. The
minimum velocity dispersion of a galactic disk is approxi-
mately 10 km s−1, due to stirring of molecular clouds and
internal motions of dissolving star clusters, so the highest
phase density that merging disks would create would be
' 10−3 M pc−3km−3s3. Therefore a pure disk merger
scenario could account for the core phase densities of
all the cored, γ′ < 0.3, early type galaxies but cannot
account for the higher phase densities of the early type-
galaxies with power-law cores. This is not to dismiss
the important role that core scouring likely also plays, as
discussed below.
Assuming that all early type galaxies do begin with
fairly flat cores, a widely discussed mechanism for sub-
sequent core buildup is that globular clusters can be
dragged into the centers of galaxies (Tremaine et al.
1975). Although the current globular cluster population
is insufficient to provide the required mass, it is likely
that at high redshift significantly more high mass clusters
were present, which evolved under the action of various
dynamical processes that have been studied and tested
extensively (Murali & Weinberg 1997a,b; Fall & Zhang
2001; McLaughlin & Fall 2008; Gieles 2009; Larsen 2009;
Chandar et al. 2010; Fall & Chandar 2012). Allowing
for the evolution of the globular cluster population can
build up all of the nuclear star cluster mass in galaxies
with stellar masses below about 1011 M (Antonini et al.
2012; Antonini 2013).
The phase density can be used for a rough calcu-
lation of the accreted globular cluster mass. As dis-
cussed with Equation 8, the phase density at the max-
imum radius from which globular clusters can spiral in
is Q & 4 × 10−6 M pc−3km−3s3, at which phase den-
sity the interior stellar mass of ' 2.0 × 1010 M, which
can be read off Figure 5. For the greatly enhanced pro-
genitor globular cluster to stellar mass fraction of 0.04
that Gnedin et al. (2013) suggest, the accreted mass will
be 8 × 108 M which spirals down the center to build
a core of that mass. Referring to Figure 5 we see that
this mass is approximately where the transition value of
Q0 ' 0.003 that separates power-law from cored early
type galaxies occurs. The globular cluster population
enhancement, which only needs to apply to the inner
kiloparsec or so, is about a factor of tend over current
epoch galaxies have an average of approximately 0.003 of
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Fig. 9.— The phase space density scaled with the core mass
squared, in which mergers move as Q0M2c ∝ M3βc . The symbols
are as in Figure 1. A line of constant density, Q0M2c ∝ ρ1/2Mc, is
shown.
their stellar mass in globular clusters (Harris et al. 2013).
Outside the core the stellar density distribution that is
providing the friction generally falls faster than the core
mass - core radius relation so smaller cores, which have
higher Q0, will bring in fewer clusters. Since the avail-
able globular cluster mass is proportional to the galaxy
mass, the inspiralled globular cluster mass will scale in
proportion to the core mass, Figure 6. A second con-
straint on the progenitor globular cluster population is
that it must have significant net rotation to produce the
rotation of power law cores, Figure 7.
The detailed calculations of Gnedin et al. (2013) pre-
dict that the excess mass in the core relative to the
galaxy mass should be proportional to the inverse square
galaxy mass, comparable to the excess mass-velocity dis-
persion relation of Antonini (2013). To test this predic-
tion we calculate ∆Mc as the difference between Equa-
tions 4 and a constant density core. We define ∆Mc
as Mc(γ
′) −Mc(γ′ = 0). The correlation between the
logarithms of ∆Mc/M? and M?, the stellar mass of
the galaxy, is a very weak r = −0.33 for all the AT-
LAS3D galaxies. Restricting the fit to the galaxies with
γ′ > 0.3, i. e. all non-cored galaxies, the slope of the
log ∆Mc/M?− logM? relation is −0.52± 0.13, in accord
with the predicted inverse square root relation (Gnedin
et al. 2013) but the correlation rises to only a marginal
-0.49. Although it seems inevitable that a substantial
number of globular clusters have spiralled into galactic
cores, the predicted relation between ∆Mc and M? ac-
counts for only about 11% of the variance. Of course
galaxy to galaxy differences in formation history, central
globular cluster numbers, and the specific properties of
the globulars from one galaxy to another could account
for the scatter.
5.2.2. The Core Scouring Scenario
All early type galaxies could be created with fairly
steep power-law cores, which then requires a mechanism
to hollow out the cores in larger galaxies. Super-massive
black holes pairs that come together after two progenitor
galaxies merge will quickly sink into the core (Begelman
et al. 1980). Stars that encounter the pair can be ejected
from the core to“scour” out of a power law core and pro-
duce a much shallower central density profile (Ebisuzaki
et al. 1991; Faber et al. 1997; Milosavljevic´ & Merritt
2001). The process preferentially depletes stars on radial
orbits to leave a relatively tangential velocity ellipsoid
in the core (Quinlan & Hernquist 1997; Milosavljevic´ &
Merritt 2001; Antonini et al. 2012). Kinematic observa-
tions of a sample of cored early type galaxies do show the
expected signature (Thomas et al. 2013). Simulations
have shown that a single binary black hole pair ejects
only a few times the resulting merged black hole mass,
so the small MBH/Mc ratios of cored galaxies require
multiple mergers to successfully scour the core (Faber
et al. 1997; Milosavljevic´ & Merritt 2001; Merritt 2006;
Gualandris & Merritt 2008; Dullo & Graham 2013).
Kormendy & Bender (2013) present observational ar-
guments for a scenario in which subsequent nearly dis-
sipationless major merging dominates the formation of
the most massive early type galaxies, as indicated by the
very slow rise of central velocity dispersion with increas-
ing mass. Their Faber-Jackson relations for core and
power-law galaxies can be translated into the core phase
density - core mass relation which we present. The core
scouring model at present does not address the strong
correlation between the core profile slope γ′ and the core
phase density. Since power-law core galaxies also con-
tain black holes they too should have been subject to
core-scouring, but many of them have sufficiently high
core phase densities that a power law core can be main-
tained or rebuilt (Bahcall & Wolf 1976; Merritt & Szell
2006; Merritt 2009). Core scouring certainly plays some
role which can vary from galaxy between creating the
core to largely one of maintaining a shallow profile.
6. CONCLUSIONS
The coarse grain core phase density, Q0, of early type
galaxies provides dynamical insight into the properties
of the galactic cores and serves as a dynamical ordering
parameter. The core phase density and the slope of the
core brightness profile, γ′, are very strongly correlated,
r = 0.83. We also find that for the standard definitions
of cored and power-law profiles, γ′ < 0.3 and γ′ > 0.5,
respectively, then Q0 does a very good job of separat-
ing the two distributions, although there is a substan-
tial intermediate core slope population between the two.
The transition from power-law and cored elliptical oc-
curs around Q0 ' 0.003 M pc−3km−3s3. Q0 correlates
significantly but less strongly with the galaxy rotation,
the ratio of the central black hole mass to the core mass,
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and quite weakly with the fraction of dark matter inside
the effective radius.
Primordial cores could have been built as power-laws
through dissipative star formation or as relatively low
density cored profiles through disk merging. The two
main models for subsequent core evolution, globular clus-
ter inspiral and core scouring by black hole binary pairs,
are considered relative to the phase space density cor-
relations. We find that the predicted relation between
excess mass above a flat core and galaxy stellar mass is
present in the power-law and intermediate slope cores but
with considerable scatter. In a diagram of Q0 weighted
with the M2c as a function of Mc the power-law cores
are the high mass end of a sequence from globular clus-
ters through Nuclear Star Clusters. The sequence has
slowly rising core density with mass, roughly as sim-
ulations of tidal dissolution of globular clusters have
found. The cored early types are on a much shallower
relation, about as would be expected from major merg-
ers. The transition Q0 between power-law and cored
early types can be understood as the maximum possi-
ble power-law core that can be built from the greatly
enhanced globular cluster population at high redshift
present in the largest cored early type galaxy. Core
scouring clearly plays a role in maintaining fairly flat
core profiles, but offers no ready explanation for the fairly
abrupt disappearance of cored galaxies at a phase density
of Q0 = 0.003 M pc−3km−3s3.
We conclude that no single model completely explains
the core slope-phase density relationship, although a
combination of stellar dynamical effects seems likely to
be the mechanism which leaves an indicative signature
in the strong correlation with core phase density.
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